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Aqueous Colloid + Polymer
Depletion System for Confocal
Microscopy and Rheology

Nayoung Park, Esmeralda J. Umanzor and Jacinta C. Conrad*

Department of Chemical and Biomolecular Engineering, University of Houston, Houston, TX, United States

We developed a model depletion system with colloidal particles that were refractive
index- and density-matched to 80 (w/w)% glycerol in water, and characterized the
effect of interparticle interactions on the structure and dynamics of non-equilibrium
phases. 2,2,2-trifluoroethyl methacrylate-co-tert-butyl methacrylate copolymer particles
were synthesized following [1]. Particles were dispersed in glycerol/water solutions to
generate colloidal suspensions with good control over electrostatic interactions and a
moderately high background viscosity of 55 mPa-s. To probe the effects of charge
screening and depletion attractions on the suspension phase behavior, we added NaCl
and polyacrylamide (M, = 186 kDa) at various concentrations to particle suspensions
formulated at volume fractions of ¢ = 0.05 and 0.3 and imaged the suspensions using
confocal microscopy. The particles were nearly hard spheres at a NaCl concentration
of 20 mM, but aggregated when the concentration of NaCl was further increased.
Changes in the particle structure and dynamics with increasing concentration of the
depletant polyacrylamide followed the trends expected from earlier experiments on
depletion-driven gelation. Additionally, we measured the viscosity and corrected first
normal stress difference of suspensions formulated at ¢ = 0.4 with and without added
polymer. The solvent viscosity was suitable for rheology measurements without the onset
of instabilities such as secondary flows or edge fracture. These results validate this
system as an alternative to one common model system, suspensions of poly(methyl
methacrylate) particles and polystyrene depletants in organic solvents, for investigating
phase behavior and flow properties in attractive colloidal suspensions.

Keywords: colloids, depletion interactions, gelation, non-equilibrium phase transition, rheology, first normal stress
difference

1. INTRODUCTION

Colloidal suspensions are useful model systems in which to explore equilibrium and non-
equilibrium phase behavior. Micron-sized colloidal particles can be directly visualized in 2-D with
light microscopy and in 3-D with confocal microscopy [2], and tracked over long times [3-5].
Suspensions of particles with nearly hard-sphere interactions exhibit equilibrium fluid and crystal
phases, in agreement with the behavior expected for hard spheres, and form a non-equilibrium
glass when rapidly concentrated [6]. Microscopic imaging experiments on hard-sphere colloidal
suspensions have therefore been used to explore processes involved in transitions to or from crystals
[7-12], and to test theoretical predictions for the glass transition [13-18]. Inducing an attraction
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between particles, for example by adding a non-adsorbing
depletant [19], shifts the equilibrium phase boundaries [20].
Depletion interactions can also generate other kinds of non-
equilibrium solids such as attractive glasses [21] and colloidal gels
[22, 23], whose mechanical properties depend upon the strength
and nature of the interparticle attractions. Imaging experiments,
in this context, allow the microscopic particle structure to be
linked to the macroscopic mechanical properties [24, 25].

While many fundamental studies of colloidal phase
behavior are carried out in quiescent conditions, practical and
technological applications of colloidal suspensions often involve
flow. Microscopy is an essential tool for identifying processes at
the particle scale that control the bulk flow properties. Confocal
imaging studies, for example, reveal that sheared hard-sphere
colloidal crystals may change their local structure [26] or melt
entirely [27], with the dynamics of crystallization and melting
distinct from those under quiescent conditions [28]. Hard-
sphere colloidal glasses in shear flow exhibit strongly localized
yielding [29], leading to shear-banding [30, 31], or jamming and
self-filtration [32]. Finally, colloidal gels deform non-linearly
[33] and yield under shear flow [25, 34]. Single-particle imaging
also aids in elucidating the contribution of hydrodynamic forces
vs. short-range repulsions [35] and of normal stress differences
to particle migration [36] in sheared or flowing hard-sphere
colloids. The design of practical suspensions, however, often
requires the interactions between particles to be tailored to
control microstructure as well as rheological properties [37],
such as viscoelasticity or normal stress differences. Connecting
the changes in 3-D microstructure to the resulting macroscopic
flow properties is thus facilitated by model systems compatible
with 3-D confocal imaging and demanding rheological tests.

The most common model system used for 3-D confocal
imaging is a suspension of poly(methyl methacrylate)
(PMMA) particles [38], sterically stabilized with short poly(12-
hydroxystearic acid) (PHSA) polymers, in organic solutions
of similar density and index of refraction. Index- and-density-
matching solutions used for these PMMA particles include a
binary mixture of decahydronaphthalene (decalin) and either
bromocyclohexane or bromocycloheptane [13, 22, 39, 40],
or a ternary mixture of cis-decalin, tetrahydronaphthalene
(tetralin), and carbon tetrachloride [41]. Polystyrene (PS) is
soluble in these mixtures and does not adsorb on the PMMA
particles [42], leading to adjustable depletion attractions in
an index- and density-matching solvent [22]. Many variations
of this system have been developed, including crosslinked
PMMA particles [43], PS-core/PMMA-shell particles [44], and
PMMA stabilized by poly(dimethylsiloxane) [45] or copolymer
(diphenyl-dimethyl) siloxanes [46]. Although the PMMA system
provides convenient tunability, the particles may become highly
charged in the organic solvents used to match their refractive
index and density [39]. While certain salts are soluble at low
concentrations in the organic solvents and hence in principle
could be used to screen repulsions [47], their limited solubility
makes it difficult to fully screen the electrostatic charge and thus
control the total interparticle interaction. In addition, the low
viscosities of most index-matching solvent mixtures (e.g., 2.3
mPa-s at 20 °C for bromocyclohexane/decalin mixtures) make
it very challenging to measure shear-stress-sensitive parameters

and phenomena, such as normal stress differences and shear
thickening, at intermediate particle fractions [46, 48]. An
alternative approach is to synthesize particles that can be index-
matched in aqueous or polar solvents, in which electrostatic
repulsions can be screened by adding salt. Silica particles, for
example, [49, 50] can be index-matched in aqueous mixtures
of glycerol or dimethyl sulfoxide [51-53], but unfortunately
cannot be density matched to avoid gravitational sedimentation.
Very recently, Kodger, Guerra, and Sprakel prepared copolymer
particles [trifluoroethyl methacrylate-co-tert-butyl methacrylate
(TFEMA-co-tBMA)] that could be index- and density-matched
in a mixture of polar sulfolane and formamide and imaged with
confocal microscopy [1]. These copolymer particles, compatible
with polar solvents, represent a promising route toward the
development of a tunable aqueous model system for confocal
microscopy.

Here, we characterize an aqueous particle system with
controlled depletion attractions that is well suited for confocal
microscopy and rheological measurements of normal stress
differences. Core-shell TFEMA-co-tBMA particles of diameter
1.47 pm (dispersity D= 0.06) and fluorescent core diameter
0.95 pum (dispersity D= 0.03) were synthesized following
the synthetic protocol reported in Kodger et al. [1]. The
composition of the particles was selected so that the particles
could be refractive index- and density-matched in 80 (w/w)%
glycerol in water. We probed the effect of charge screening
and depletion attractions on the suspension phase behavior
by adding NaCl and polyacrylamide (PAM, M, = 186 kDa)
at various concentrations to particle suspensions (Figure 1).
The particles behaved approximately as hard spheres when
[NaCl] = 20 mM, but became unstable and aggregated when
the concentration of NaCl was further increased. At a fixed
salt concentration of 20 mM, changes in the particle structure
and dynamics with increasing depletant (PAM) concentration
observed at two particle volume fractions (¢ = 0.05 and
0.3) followed the trends reported in earlier experiments on
depletion-driven gelation of nearly hard spheres [22, 23]. To
demonstrate the suitability of this system for rheology, we
measured the viscosity and first normal stress difference N; of
two suspensions at ¢ = 0.4 with and without added polymer.
The moderate solvent viscosity (55 mPa-s at 20 °C) facilitated
measurements of N7 and eliminated the onset of instabilities such
as secondary flows or edge fracture, and addition of polymer
slightly increased N;. This system hence represents an alternative
to the common PMMA/PS model system for investigating
phase behavior and flow properties in attractive colloidal
suspensions.

2. MATERIALS AND METHODS

2.1. Synthesis of Particles

To synthesize poly(2,2,2-trifluoroethyl methacrylate-co-tert-
butyl methacrylate) core-shell particles, we followed the protocol
described in Kodger et al. [1]. Briefly, this protocol included:
(1) synthesis of fluorescent particle cores; (2) growth of non-
fluorescent shells on the particles; (3) growth of charged stabilizer
polymers on the surface. Unless stated otherwise, all chemicals
were purchased from Sigma Aldrich.
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FIGURE 1 | lllustration of the depletion model system. Copolymer core-shell
particles were stabilized in aqueous solvents by short charged polymer chains.
Addition of polyacrylamide to the solution induced a depletion attraction
between the particles. DMA, N,N-dimethylacrylamide; SPAmM,
2-acrylamido-2-methyl-1-propanesulfonic acid; inimer,
2-(2-bromoisobutyryloxy) ethyl acrylate; SPMA salt, 3-sulfopropyl methacrylate
potassium salt.

First, fluorescent, cross-linked core particles were synthesized
with a volumetric ratio of 2,2,2-trifluoroethyl methacrylate
(TFEMA; Synquest Laboratories) to tert-butyl methacrylate
(tBMA) of 45:55, chosen to refractive index- and density-match
80 (w/w)% glycerol in water. Fluorescence was incorporated by
co-reacting rhodamine-B-methacrylate, which was synthesized
from rhodamine B and glycidyl methacrylate according to
Kodger et al. [1]. Ethylene glycol dimethacrylate was co-reacted
with the monomers to cross-link the core. The solvents were
methanol and water. Volumes and/or masses of each component
used in the reaction are summarized in Table 1. An initiator-
monomer (inimer), 2-(2-bromoisobutyryloxy) ethyl acrylate, was
synthesized according to Kodger et al. [1]. This molecule was
incorporated into the core and shell of the particles as a
monomer, so that it could be used as an initiator for the growth
of charged surface polymers in the last stage of particle synthesis
[1, 54]. All components (TFEMA, tBMA, ethylene glycol
dimethacrylate, inimer, 2,2'-azobis(2-methylpropionitrile), 3-
sulfopropyl methacrylate potassium salt, fluorescent monomer,
methanol, and water, Table 1) were loaded into a 500 mL single-
neck round-bottom flask and refluxed with a condenser in an
80 °C oil bath for 5 h while stirring with a stir bar. Subsequently,
the particles were washed and centrifuged 5 times with a 1:1 by
volume mixture of methanol and water and stored as a ¢ =
0.2 suspension in 1:1 methanol:water to be used in the core-shell
synthesis.

TABLE 1 | Mass/volume of each component added to the synthesis of the core
particles and core-shell particles.

Core synthesis Core-shell
synthesis

2,2,2-trifluoroethyl methacrylate 541¢g 11.15¢
tert-butyl methacrylate 491¢g 1011 g
2,2"-azobis(2-methylpropionitrile) 0.11g 0.27g
3-sulfopropyl methacrylate potassium 011g -
salt
Ethylene glycol dimethacrylate 0.22¢g -
Fluorescent monomer (2 wt% in 25mL=2.01g -
methanol)
Poly(vinylpyrrolidone) (K30) - 6.82 g
Cores suspension (20 vol% in 1:1 - 21 mL
methanol:water)
2-(2-bromoisobutyryloxy) ethyl 0.204 mL=0.29¢g 1.26 mL
acrylate
Methanol 13469 172.75 g
Water 33.9¢ 16.7 9

Non-fluorescent shells, also with a TFEMA:(BMA ratio
of 45:55, were synthesized onto the core particles with a
core:xmonomer ratio of 1:5 by volume. Poly(vinylpyrrolidone)
was added as a steric stabilizer in the shell. Table 1 provides the
volume and/or mass of each component, all loaded into a 1 L
round-bottom flask. The flask was plugged with a rubber septum
and nitrogen gas was bubbled through the solution for at least 20
min using two needles. The flask was placed in an oil bath, and the
bath temperature was raised to 55°C while nitrogen was bubbled
through. The needles were removed after the bath temperature
reached 55°C to prevent the rubber septum from popping off
due to pressure build up. The flask was held at this temperature
for 16 h while the contents were stirred with a stir bar. After the
reaction, the particles were washed and centrifuged five times in
a 1:1 mixture of methanol and water and stored as a ¢ = 0.25
suspension in the methanol-water mixture.

Finally, controlled-charge co-polymers of 2-acrylamido-2-
methyl-1-propanesulfonic acid and dimethylacrylamide were
grown on the particle surface using Atom Transfer Radical
Polymerization (ATRP) [1, 55]. A 1:1 molar ratio of the two
monomers was used to generate a negatively charged particle
surface. Volumes and/or masses of each component used in this
step of the synthesis are summarized in Table 2. A sacrificial
initiator used to control the size of the polymer stabilizers [1, 56,
57], PEGini, was synthesized following Kodger et al. [1]. Copper
(I) chloride and small volumes of water and methanol were added
to a small flask, while the rest of the components were added to
a 500 mL flask. Both flasks were sealed with rubber septa with
a cannula connecting them. An inlet needle and outlet needle
were placed in the smaller and larger flasks, respectively. Nitrogen
gas was bubbled through both flasks for at least 20 min. Then,
nitrogen gas was used to push the Cu(I)Cl suspension into the
larger flask, after which the needles and cannula were removed.
The larger flask was left to react for 6 h while stirring with a
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TABLE 2 | Mass/volume of each component added to the synthesis of the
charged surface polymers.

Flask | Flask Il
Copper (I) chloride 0.169g -
Copper (I) chloride - 0.20g
2-acrylamido-2-methyl-1- - 1739
propanesulfonic acid sodium salt (50
wt% in water)
N,N-dimethylacrylamide - 3.74 g
1,1,4,7,10,10- - 0.73 g
hexamethyltriethylenetetramine
Core-shell suspension (25 vol% in 1:1 - 85.5 mL
methanol:water)
Sacrificial initiator (PEGini) - 1.65mL=1.96

g

Methanol 4209 26.1g
Water 5.089g 33.1¢g

stir bar at room temperature. After the reaction, the particles
were collected and washed by repeated centrifugation with de-
ionized water at least 5 times. Then, enough glycerol was added
to the particle pellet to result in ¢ = 0.45 in 60 (w/w)% glycerol
in water, assuming that the pellet was at a random-close-packed
volume fraction of ¢ = 0.64. This stock was well-dispersed and
then centrifuged, after which the supernatant was replaced with
enough glycerol to result in ¢ = 0.48 in 80 (w/w)% glycerol in
water. The well-dispersed particle stock was centrifuged at 2,000
g for 2-3 min to cream dispersed bubbles, which were carefully
scraped off with a clean spatula. The particle stock was then
stored at 2-5°C.

The resulting particles were nearly refractive index-matched
to 80 (w/w)% glycerol in water, such that suspensions could
be imaged at least 65 um into the sample using a confocal
microscope. The particles were density matched to the solvent,
such that centrifuging a ¢ ~ 0.05 suspension for 30 min at 5,000
g did not result in any visible changes to the sample.

2.2, Zeta Potential

We measured the zeta potential of the particles using a Nicomp
380 ZLS zeta sizer (Particle Sizing Systems, Port Richey, FL). The
particles were diluted in 9.5 mM Tris buffer (pH ~ 7.5) to ¢ ~
0.001.

2.3. Sample Preparation for Microscopy
and Rheology

Stock solutions of solvent, polymer, and salt were mixed with
the particle stock suspension to make 0.5 mL of final samples
for microscopy of varying concentrations of each component.
The solvent was 80 (w/w)% glycerol in deionized water (MilliQ,
Millipore). Polyacrylamide (PAM, Polymer Source, M,, = 185.7
kDa, M,,/M,, = 1.40) and sodium chloride (NaCl, Macron
Fine Chemicals) were dissolved in the solvent to make stock
polymer and salt solutions, respectively. The final concentrations
of PAM in the suspensions were calculated in the free volume

[20, 58, 59]. The measured overlap concentration of this polymer
in 80 (w/w)% glycerol in water with 20 mM NaCl was 9.93 mg
mL~!. We targeted PAM concentrations of 1.75, 5, and 12 mg
mL~!, which corresponded to normalized concentrations c/c* of
approximately 0.2, 0.5, and 1.2. After adding each component
to a sample vial, the vial was mixed gently using tumbling
and/or rolling mixers. Approximately 100 uL of each sample
was sealed in a glass chamber made from coverglass and UV-
curable adhesive (Norland Optical). Larger volumes of sample
(at least 3 mL) were prepared similarly for rheology. If the
mixing procedure entrained bubbles into the sample, the vial was
centrifuged at 2,000 g for 2-3 min to cream bubbles for removal.

2.4. Confocal Microscopy

A VT Eye confocal scanhead (Visitech, Sunderland, U.K.)
connected to a Leica DMI 4000 microscope (Leica Microsystems,
Buffalo Grove, IL) equipped with a 100X oil-immersion objective
(numerical aperture of 1.4) was used to image all samples. For
measurements of the 3-D structure, a series of 2-D images was
captured at vertical (z) spacings of 0.1 um per step at heights
of 25 um to 65 um above the bottom of the sample. At least
ten and two such z-stacks were collected for each sample at
¢ = 0.05 and 0.30, respectively. To determine the interaction
energy between the particles, 50 z-stacks were collected for two
concentrations of NaCl (22 and 51 mM) at ¢ = 0.01 with no
added polymer. To calculate the radial distribution function g(r),
we used available algorithms in IDL [3] to locate the centers of
particles to submicron accuracy.

To measure the dynamics of the particles, 2-D images were
collected as a function of time at a single z-plane. At least two sets
of images were collected at 1 frame per second and at 5 frames per
second for each sample. For ¢ = 0.05 samples without depletant,
images were collected at 15 frames per second, except at 0 mM
NaCl. One sample, with ¢ = 0.05 and polymer concentration
1.75 mg mL~!, was imaged at 5 and 15 frames per second. We
verified that the frame rate did not change the resulting dynamics.
To calculate mean-squared displacements, the centers of particles
were located and tracked over time using algorithms written in
MATLAB [60].

2.5. Rheology

Steady-shear rheology data was collected for two suspensions at
¢ = 0.40 with 20 mM NaCl in 80 (w/w)% glycerol in water, one
with no added polymer and one with 4.96 mg mL™! in the free
volume. All rheology measurements were carried out on a DHR-
2 hybrid rheometer (TA Instruments, New Castle, DE) equipped
with a hard-anodized aluminum 40-mm diameter, 2° cone and
matching 40-mm diameter bottom plate. The temperature was
maintained at 20 °C via a Peltier temperature controller. After
placing the sample on the bottom plate, the cone was lowered
slowly at a rate of 5 um s~! to the trim gap of 62 um without
exceeding an axial force of Fy = 0.5 N [61]. If a drop of the
sample was ejected from between the plates during this loading
protocol, it was observed that the sample eventually became
underloaded during preshear, as indicated by a significantly
negative axial force (Fy < —0.04 N). Therefore, just enough
sample volume was loaded to allow for minimal trimming, if
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any. Then, the cone was lowered to the truncation gap of 59
um at a rate of 0.5 um s~'. We determined, through multiple
loadings, that trimming or not trimming the sample did not
significantly change the measured rheology beyond sample-to-
sample variability. Additionally, if the sample was underloaded,
lifting the cone to add more sample volume resulted in erroneous
N values but did not affect the viscosity.

A consistent preshear protocol was applied to all samples after
loading. The shear was increased from 0.5 to 50 s~ over 30 s,
and a constant shear was held at 50 s™! for 30 s. Then, a weak
oscillation (strain amplitude of 0.1% and frequency 1 rad s™!)
was applied to the sample for 300 s to monitor the recovery of
structure. After the preshear protocol, the axial force was zeroed
and the sample was sheared at rates increasing from 0.1 to 800
s~1, with 12 shear rates per decade for the sample without PAM
and 6 shear rates per decade for the sample with PAM. At each
shear rate up to 100 s™!, the measurement was equilibrated for
30 s and the data were averaged over the next 10 s. Above 100
s~1, the measurement was equilibrated for 5 s and the data were
averaged over the next 5 s. The equilibration and averaging times
were reduced at high shear rates to avoid significant migration
of the particles, which resulted in a transient decrease in the
measured viscosity and hysteresis [62, 63]. The shear times were
decreased until hysteresis in up and down sweeps in shear rate
was effectively eliminated. Hysteresis in N; was unavoidable for
the colloidal gel sample, most likely due to the changing structure
of the gel with shear. At least three fresh loadings of the same
sample were measured, and the data at each shear rate during the
up sweep were averaged.

The raw first normal stress difference data was corrected
for the effects of inertia according to Kulicke et al. [64]. It is
expected that Newtonian samples, for which N; = 0, will exhibit
negative N; values at high shear rates due to inertia. Kulicke
et al. calculated this inertial Ny to be proportional to the square
of the rotational velocity @ and the square of the radius of the
cone R via Ny jnertial = —3p@?R%/20, where p is the suspension
density. This negative value was subtracted from all measured N;
values, so that the actual N; was higher than the raw N value.
Additionally, the N at the lowest shear rate measured Nj (0.1
s~1) was subtracted from all inertia-corrected N data to correct
for baseline values. We confirmed that this inertial correction
resulted in a value of N; = 0 for the Newtonian solvent mixture
over this range of shear rates. Measuring the 80 (w/w)% glycerol
in water with 20 mM NaCl with 6 shear rates per decade from 1
to 800 s! resulted in a corrected Nj ranging from —40 Pa to +5
Pa. Then, +40 Pa can be considered an estimate of the sensitivity
of the measurement, which is larger than the vendor-specified
instrument sensitivity of 8 Pa (calculated from the 0.005 N axial
force sensitivity).

3. RESULTS AND DISCUSSION

3.1. Zeta and Interaction Potential

The zeta potential of the particles, measured in Tris buffer, was
—76 £ 2 mV. This zeta potential was close to the value of —66
mV measured for similar synthesis and buffer conditions [1].
We measured the interaction potential for dilute suspensions of

TFEMA-co-tBMA particles when the electrostatic interactions
were screened. For dilute suspensions, the interaction energy
potential u(r) is related to the radial distribution function g(r)
via limg_0 g(r) = exp [—u(r)/kT] [65, 66]. We first calculated
g(r) for a suspension with particle volume fraction ¢ = 0.01
in 80 (w/w)% glycerol in water and a salt concentration of 22
mM NaCl, and then inverted to obtain u(r). For this analysis,
50 independent z-stacks of images, containing O(10%) particles,
were collected as described in section 2.4. The interaction energy,
normalized by kT, sharply decreased to near-zero at the average
particle diameter and was essentially zero for r > 2a (Figure 2A).
Any attractions or repulsions longer-ranged than r/2a = 1 were
minimal (< 0.5kT) and thus insignificant. This result indicates
that the TFEMA-co-tBMA particles at low volume fractions
behaved approximately as hard-spheres in this solvent mixture.
A further increase in the salt concentration to 51 mM NaCl,
however, generated a slight attraction between the particles with
a potential well depth of <2 kT (Figure 2B).

3.2. Effect of Salt Concentration

Next, we examined the effect of the NaCl concentration on the
structure of the particles in suspensions formulated at different
volume fractions. For salt concentrations below 21.1 mM,
confocal micrographs revealed that the particles in a suspension
with ¢ = 0.05 were well-separated (Figure 3), consistent with
hard-sphere or repulsive interparticle interactions. When the
salt concentration was increased to 34.9 mM, the micrographs
revealed the formation of small clusters of particles. Nonetheless,
the overall similarity of the micrographs in Figure 3 indicated
that most particles in suspensions formulated at ¢ = 0.05
were dispersed such that any cluster formation was localized.
The radial distribution function g(r) was consistent with these

FIGURE 2 | Interaction energy normalized by kT, u(r)/kT, as a function of
normalized radial distance r/2a. The u(r) was calculated from the measured
radial distribution function at a volume fraction of ¢ ~ 0.01 in 80 (w/w)%
glycerol in water with (A) 22 mM and (B) 51 mM NaCl. The shaded areas
indicate representative error bars.
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observations. For salt concentrations of 0 and 21.1 mM, g(r)
increased steeply at the particle diameter (i.e., at r/2a = 1),
with the slight positive slope of the 0 mM sample indicative
of electrostatic repulsion. For salt concentrations of 34.9
and 50.2 mM, g(r) exhibited a modest local maximum at
r/2a = 1, indicative of some particle aggregation. The mean-
square displacement (MSD) of all samples, however, increased
approximately linearly with the lag time v and collapsed onto
the prediction from the Stokes-Einstein diffusivity Dsg of the
particles in the glycerol/water solvent (Figure 3C). This result
suggests that most particles remained dispersed, even at the
highest salt concentration.

Upon increasing the particle volume fraction to ¢ = 0.30,
particles were sufficiently close to interact. Confocal micrographs
revealed dispersed particles at all salt concentrations, suggesting
that any change in structure with increasing salt concentration
was insignificant (Figure 4A). The radial distribution function
for all samples exhibited a local maximum near r/2a =~ 1,
reflecting density correlations that emerged due to the formation
of a nearest-neighbor shell (Figure 4B). The position of this
maximum  shifted slightly to lower separations as the salt
concentration was increased from 0 to 50 mM but was always
slightly greater than the average particle diameter, indicating
that electrostatic repulsions were not fully screened at ¢ =
0.30. The increased particle concentration was expected to affect
the particle dynamics. Indeed, the MSD no longer followed the
Stokes-Einstein predictions, as particle diffusion was hindered by
the presence of other particles (Figure 4C). At a fixed lag time,
the MSD decreased as the salt concentration was increased above
20.1 mM. This decrease was slightly larger than expected from
the modest increase in solution viscosity with salt concentration,
49.8 mPa-s for 20.0 mM NaCl to 50.9 mPa-s for 50.1 mM NaCl at
24°C. The decrease in MSD was consistent with destabilization
of the particles as electrostatic repulsions were screened and
was further supported by the pronounced aggregation observed
for particles synthesized with lower surface charge, due to
their hydrophobicity. We therefore concluded that the particles
behaved as nearly-hard-spheres for NaCl concentrations near 20
mM—without any added salt, the electrostatic repulsions were
not screened, whereas at high added salt concentrations the
particles were not stable.

3.3. Effect of Polymer Concentration

We fixed the NaCl concentration at approximately 21 mM,
and next examined the effect of adding polyacrylamide (PAM)
depletant on the structure and dynamics of suspensions. In the
absence of depletant, particles in a suspension formulated at
¢ = 0.05 were well-dispersed. Adding PAM at concentrations
of 1.76 mg mL™! and 4.59 mg mL~! induced the formation
of small, compact clusters of particles (Figure 5A), with the
lower concentration of depletant resulting in only localized
clusters. Further increasing the polymer concentration to 11.7
mg mL~! led to a change in the morphology of the clusters
from compact to ramified. The radial distribution function
confirmed the pronounced changes in particle structure with
increasing polymer concentration (Figure 5B): g(r) for polymer
concentrations of 1.76 and 4.59 mg mL~! exhibited a small

and very sharp maximum, respectively, at the particle diameter
(i.e., at r/2a = 1), consistent with strong nearest-neighbor
correlations. The 4.59 mg mL ™! depletant sample also exhibited
a second local maximum at r/2a < 2. The height of the
first maximum for the 4.59 mg mL~! sample, ranging from
6 to 10, was much greater than that observed in suspensions
formulated at ¢ = 0.05 with varying salt concentration
(Figure 3B), further confirming the relatively strong attractions
induced by the addition of polymer. The envelope enclosing
the maxima in g(r) decayed to 1 for r/2a > 3, consistent
with the fractal scaling of the particle density reported for
PMMA/PS depletion gels [22]. The g(r) determined for a
higher polymer concentration of 11.7 mg mL™! was similar
in shape but the height of the first maximum was lower,
consistent with the tenuous clusters (in which particles had fewer
nearest neighbors) observed in the confocal micrographs for this
sample.

The MSD also exhibited pronounced changes with polymer
concentration. In the absence of polymer, the MSD was diffusive
and conformed with the Stokes-Einstein prediction for the
particles in the glycerol/water solvent (Figure 5C). Upon adding
polymer, the MSD approached a plateau on short lag times t,
consistent with particle arrest on those time scales; the plateau
height decreased as the polymer concentration was increased,
consistent with strong bonds between particles. On longer time
scales, the MSD increased approximately linearly as the clusters
diffused. The MSDs for the two samples containing polymers
at concentrations > 4.59 mg mL~! collapsed as a function of a
normalized time scale 7 Dsg /a2, where Dsg, is the Stokes-Einstein
diffusivity for a particle in the background solution calculated
using viscosities of 1.75, 5, and 12 mg mL~! PAM solutions
with 20 mM NaCl at 20°C; this normalization corrects for the
background viscosity experienced by the particles. The good
collapse indicates that the clusters had similar diffusivities on
long time scales.

At a higher particle concentration, ¢ = 0.30, adding
polymer led to the formation of arrested colloidal gels. Confocal
micrographs revealed that the particles formed small mobile
clusters at low concentrations of polymer, but aggregated to
form space-spanning networks when the polymer concentration
was increased to 5.36 mg mL~! (Figure 6A). Consistent with
the structural change observed in the micrographs, the location
of the first maximum in g(r) shifted to a slightly lower value
of r/2a upon addition of a sufficiently high concentration of
polymer; additionally, a second local maximum developed at
r/2a =~ 1.8 (Figure 6B). The MSD of the suspension without
polymer was lower than that predicted from the Stokes-Einstein
diffusivity of the particles in the background solvent and scaled
as a power-law with lag time with an exponent slightly lower
than 1, indicating that the high particle concentration slightly
hindered the diffusive transport of particles (Figure 6C). Upon
addition of polymer at concentrations greater than or equal
to 5.36 mg mL~!, the particles became dynamically arrested.
These measurements confirm that the TFEMA-co-tBMA/PAM
depletion system exhibits the dynamic arrest observed for
colloidal gels in earlier microscopic studies of PMMA/PS
depletion mixtures [23, 40, 67].
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FIGURE 3 | (A) Confocal micrographs at z = 30 um (brightness/contrast adjusted), (B) radial distribution function as a function of normalized distance from the
particle center, and (C) 1-dimensional mean-squared displacement as a function of delay time for ¢ = 0.05 suspensions in 80 (w/w)% glycerol in water with various
concentrations of NaCl. The NaCl concentrations are (A1) 0 mM, (A2) 21.1 mM, (A3) 34.9 mM, and (A4) 50.2 mM. The dashed line in (C) is the calculated MSD for
Stokes-Einstein diffusion in 80 (w/w)% glycerol in water with 20 mM NaCl.
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FIGURE 4 | (A) Confocal micrographs at z = 30 um, (B) radial distribution function as a function of normalized distance from the particle center, and (C)
1-dimensional mean-squared displacement as a function of delay time for ¢ = 0.30 suspensions in 80 (w/w)% glycerol in water and various concentrations of NaCl.
The concentrations of NaCl are (A1) 0 mM, (A2) 20.1 mM, (A3) 29.4 mM, and (A4) 50.0 mM. The dashed line in (C) is the MSD calculated for Stokes-Einstein
diffusion in 80 (w/w)% glycerol in water with 20 mM NaCl.
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FIGURE 5 | (A) Confocal micrographs at z = 30 um (brightness/contrast adjusted), (B) radial distribution function as a function of normalized distance from the
particle center, and (C) 1-dimensional mean-squared displacement as a function of non-dimensionalized delay time rDgg /a2 for ¢ = 0.05 suspensions in 80 (w/w)%
glycerol in water, 21 £ 2 mM NaCl, and various concentrations of polyacrylamide in the free volume. The polyacrylamide concentrations in the free volume are (A1) O
mg mL=T, (A2) 1.76 mg mL—1, (A3) 4.59 mg mL~", and (A4) 11.7 mg mL~". The dashed line in (C) is the MSD calculated for Stokes-Einstein diffusion in 80 (w/w)%
glycerol in water with 20 mM NaCl.

3.4. Rheological Measurements earlier studies. To confirm that this system is also well suited
The microscopic measurements reveal that this system undergoes ~ for measurements of normal stress differences, one challenging
a transition from a fluid to a gel as the concentration of  rheological test, we formulated two suspensions with a slightly
polymer (and hence the strength of the depletion attractions) is  higher particle volume fraction ¢ = 0.40 and NaCl concentration
increased, qualitatively consistent with the behavior observed in ~ of 20.1 £ 0.1 mM. The sample with ¢ = 0.40 without polymer
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FIGURE 6 | (A) Confocal micrographs at z = 30 um (brightness/contrast adjusted), (B) radial distribution function as a function of normalized distance from the particle
center, and (C) 1-dimensional mean-squared displacement as a function of non-dimensionalized delay time rDSE/a2 for ¢ ~ 0.30 suspensions in 80 (w/w)% glycerol
in water, 20.0 £+ 0.6 mM NaCl, and various concentrations of polyacrylamide in the free volume. The polyacrylamide concentrations in the free volume are (A1) O mg
mL=1, (micrograph not shown) 1.51 mg mL=1, (A2) 1.75 mg mL=1, (A3) 5.36 mg mL~", and (A4) 11.7 mg mL~". The dashed line in (C) is the MSD calculated for
Stokes-Einstein diffusion in 80 (w/w)% glycerol in water with 20 mM NaCl. The actual volume fraction of the sample with 5.36 mg mL~1 polyacrylamide was ¢ = 0.29.

was a dense colloidal fluid, and the location (r/2a = 1.1) and
height (g(r) ~ 1.7) of its first local maximum in g(r) were close to
those of the slightly less concentrated (¢ = 0.30) sample shown
in Figure 4. The sample with ¢ = 0.40 and PAM concentration
of 4.96 mg mL~! was an arrested colloidal gel.

Using a cone-and-plate geometry, we measured the viscosity
and the corrected first normal stress difference Ny — Njg as
a function of the shear rate for the suspensions at ¢ = 0.40
with and without polymer depletant. In the absence of the
PAM polymer, the suspension viscosity ranged from 0.3 and 0.4
Pa-s across a shear rate range of 0.1-800 s™!, decreasing very
slightly as the shear rate was increased from 0.1 to 100 s~! and
then increasing slightly as the shear rate was increased from
100 to 800 s~! (Figure 7A). By comparison, the viscosity of a
suspension of PMMA particles at a volume fraction of ¢ = 0.40
in a mixture of bromocycloheptane and decahydronaphthalene
(CHB/DHN) without added polymer was 1072 Pa-s [68]. The
first normal stress difference was approximately zero at shear
rates of 0.1-10 s~!, and then decreased to —143 4 9 Pa as
the shear rate was further increased, well outside of both the
instrument sensitivity (—8 Pa) and the measurement sensitivity
(—40 Pa, discussed in section 2.5) (Figure 7B). By contrast, in the
less-viscous CHB/DHN solvent used with PMMA nearly-hard-
spheres, the normal stresses are not measurably different from
zero across the accessible range for similar ¢ [68].

Upon adding polymer, the viscosity of the suspension became
shear-thinning, as previously observed for PMMA/PS depletion
gels [69, 70]. The corrected N; was nearly zero over the same
range of shear rates (0.1-10 s~!) as for the suspension with
no added polymer, then decreased only to —90 £ 30 Pa as
the shear rate was further increased. This result indicates that
addition of polymer modifies the development of the first
normal stress difference; we will systematically explore this
dependence in a future study. These measurements confirm
that our aqueous particle/polymer system is well suited for
combined confocal and rheological studies aimed at elucidating
the microscopic mechanisms driving non-zero normal stress
development.

la 101 T T AL T AL
s A
ro«
S [ S P
> : FIIF 4444444440430 0
) ; [ ]
Q 10k :
8 EEEE0EHEE0EEEE0E60E86880 &
> 10'2 -....I L1l L1l L1l L1l
50 Fr T T T AL
® O 4w B
a : 4118&53!353331??.:1“:@% ]
= -50F Wadiig o
2 F 71 I II W ]
Z -100F » ¢=0.40,0mgmL"' PAM L ]I E
' 450F *©= 0.40, 4.96 mg mL"' PAM ]
pzd ¢ o solvent ]
_200 Foovinl MR | T | MR | M wl ]
-1 0 1 2 3
10 10 10 10 10
Shear rate [s7]
FIGURE 7 | (A) Viscosity and (B) corrected first normal stress difference
N1 — Ny g as a function of shear rate for suspensions with ¢ = 0.40 in 80
(w/w)% glycerol in water, 20.1 &+ 0.1 mM NaCl, and the indicated
concentration of polymer. The open squares indicate the measured rheological
properties of the solvent. Error bars indicate standard deviations over at least 3
measurements.

4. CONCLUSION

By tuning a newly-developed particle system [1] to be index-
and density-matched to glycerol/water mixtures, we developed
and characterized a series of aqueous colloid-polymer depletion
mixtures. The TFEMA-co-tBMA particles behaved as nearly-
hard-spheres at volume fractions of ¢ = 0.05 and 0.3 in solutions
of salt (NaCl) concentration of approximately 20 mM. Upon
increasing the concentration of a polymer depletant, PAM, the
suspensions exhibited the transition from an equilibrium fluid
to a non-equilibrium gel. The moderately high background
viscosity of the 80 (w/w)% glycerol solution used to index-
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and density-match the particles provides high shear stresses
even at intermediate particle volume fractions, enabling the
evolution of normal stress differences to be observed upon
addition of polymer. This system enables combined imaging
and rheological measurements of normal stress differences,
important for understanding phenomena such as rod-climbing,
die swell [71], drop formation [72], and particle migration [36]
that affect processability of particulate suspensions.
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